INTRODUCTION
The Upper Jurassic Morrison Formation of the western United States has been a prolifi c source of vertebrate fossils for over 100 years and continues to yield important discoveries (Foster, 2007) . As a result of its paleontological signifi cance, the Morrison Formation has been the focus of much paleoclimatic and paleoenvironmental research. These studies have used a variety of different data sources, ranging from paleosols to bivalves (Demko et al., 2004; Demko and Parrish, 1998; Dunagan, 2000; Duna gan and Turner, 2004; Good, 2004; Hasiotis, 2004; Parrish et al., 2004) ; however, none has provided quantitative estimates of paleoclimate parameters, making comparisons with other contemporaneous Upper Jurassic units diffi cult. Paleopedological, paleobotanical, and ichnological studies have suggested a broad geographic trend in moisture availability within the Morrison Formation, moving from relatively arid southern environments to wetter environments in the north, as well as a temporal trend from arid conditions early in Morrison deposition to later, more humid conditions (Demko et al., 2004; Hasiotis, 2004; Parrish et al., 2004) . Here we test these previous interpretations using geochemical weathering indices in paleosols to estimate mean annual precipitation (MAP) at three localities within the depositional basin of the Morrison Formation. The humidity regime at each locality is also inferred using the geochemical transfer functions developed by Gulbranson et al. (2011) . The MAP values presented here are the fi rst quantitative estimates of paleoclimatic conditions for the Morrison Formation that are not derived from general circulation models (GCMs). They allow quantitative comparison with paleoclimate parameters reported for other Upper Jurassic localities and provide data for comparison with GCM simulations for the Late Jurassic.
BACKGROUND Depositional Environments and Age
The predominately fl uvio-lacustrine deposits of the Morrison Formation crop out over much of the western United States (Kowallis et al., 1998; Foster, 2003) . During the Late Jurassic, the terrestrial ecosystems of the Morrison Formation developed between 30°N and 45°N paleolatitude on the North American continent. Some basal beds of the Morrison Formation in Colorado and Utah show evidence of marine infl uence (O'Sullivan, 1992; Peterson, 1994) , but all other Morrison deposits represent continental paleoenvironments . Samples used in this study were collected from outcrops near Ghost Ranch (New Mexico), Shell (Wyoming), and Bridger (Montana) (Fig. 1) .
Radiometric dating indicates that deposition of the Morrison Formation took place between 155 Ma and 148 Ma (Kowallis et al., 1991 (Kowallis et al., , 1998 , extending from the middle Kimmeridgian to the early Tithonian (Gradstein et al., 2012) . Ages for the Tidwell Member of the lower Morrison Formation on the Colorado Plateau indicate that deposition initiated around 155 Ma, whereas deposition of the Brushy Basin Member of the upper Morrison Formation occurred from ca. 150 Ma to 148 Ma. Based on the time scale of Gradstein et al. (2012) , these radiometric ages translate to a middle Kimmeridgian to early Tithonian age for the lower Morrison Formation (Tidwell and Salt Wash Members), and an early to middle Tithonian age for the upper Morrison Formation (Brushy Basin Member). Biostratigraphy (Schudack et al., 1998) and magnetostratigraphy (Steiner, 1998) largely corroborate the absolute age estimates, but suggest that some parts of the Morrison Formation may be as old as late Oxfordian (ca. 158 Ma; Gradstein et al., 2012) .
Tectonic Setting
The Morrison Formation was deposited within the Western Interior Basin, which developed in the Late Jurassic as a result of subduction of Panthalassa beneath the North American plate (Miall et al., 2008) . The basin extended over 35° of latitude, from New Mexico in the southern U.S. northward to the Northwest Territories of Canada (Miall et al., 2008) . Sediments of the Morrison Formation were shed eastward from the Cordilleran orogenic belt along the eastern basin margin, mixing with volcaniclastics from the magmatic arc and forming an eastward-tapering clastic wedge composed of nonmarine and shallow marine deposits (DeCelles, 2004) . Tectonic reconstructions of the Western Interior Basin place the forebulge in central Utah during the Late Jurassic, indicating that most of the Morrison Formation was deposited in the back-bulge basin (DeCelles and Currie, 1996) . The Mogollon Highland formed the southwestern margin of the basin, although this region was dominated by strike-slip and transtensional tectonics rather than shortening (DeCelles, 2004) . Several sub-basins were present within the Western Interior Basin during the Late Jurassic, including the Paradox Basin in eastern Utah and western Colorado, the San Juan Basin in northwestern New Mexico, and the Denver Basin in eastern Colorado . The Ancestral Rocky Mountains in central Colorado formed an intermittent topographic high, but contributed only limited amounts of sediment locally during the Late Jurassic (Peterson, 1994) .
Previous Paleoclimate Research
Previous paleoclimate studies suggest that the paleoenvironments of the Morrison Formation developed under semiarid to arid conditions with seasonal rainfall (Demko and Parrish, 1998; Demko et al., 2004; Dunagan and Turner, 2004; Parrish et al., 2004) . Sedimentary facies strongly linked to semiarid environments (e.g., playas and saline lakes) compose a large part of the Morrison Formation (Demko and Parrish, 1998; Turner and Fishman, 1991) . Observations of paleosol macromorphology in the Morrison Formation suggest a semiarid to tropical wetdry climate with some degree of seasonality in precipitation (Demko et al., 2004) . Southwestern areas of deposition are interpreted as drier than northeastern areas, and stratigraphic trends in paleosol macromorphology suggest generally increasing humidity and decreasing seasonality throughout deposition of the Morrison Formation (Demko et al., 2004) . Plant remains from the Morrison Formation also indicate warm, semiarid and seasonal conditions, and suggest a temporal trend toward wetter environments during Morrison deposition (Parrish et al., 2004) . Study of palustrine and lacustrine deposits suggests that groundwater was the primary source of moisture in many parts of the Morrison Formation, allowing development of perennial carbonate wetlands and lakes despite the arid to semiarid regional climate (Dunagan and Turner, 2004; Jennings et al., 2011) . Lacustrine and pedogenic carbonates, as well as bivalve growth bands, provide evidence of distinctly seasonal distribution of annual rainfall (Dunagan, 2000; Good, 2004) . Early Morrison environments (Tidwell Member and equivalents) show no evidence of seasonality, with strong seasonal signals appearing later (Salt Wash Member and equivalents) and lessening in intensity over time (Brushy Basin Member and equivalents; Good, 2004) . Substantial coal deposits occur in northern outcrops of the Morrison Formation in central Montana (Silverman and Harris, 1967; Daniel et al., 1992) . Although coals are typically associated with humid environments with high rainfall, the Morrison coals in Montana are instead interpreted as peat deposits formed in palustrine environments sustained by high groundwater levels (Demko et al., 2004; Parrish et al., 2004) . Abundant fusain and inert coals comprising heavily oxidized plant material are attributed to seasonally recurring wildfi res within these environments (Daniel et al., 1992) .
METHODS
Composite stratigraphic sections were measured at each of the three sample localities (Figs. 2-3). The New Mexico section is 119 m thick, the Wyoming section is 75 m, and the Montana section measures 39 m. Twenty-two paleosol profi les were described in the New Mexico section, fi fteen paleosols were described in the Wyoming section, and seven paleosols were described in the Montana section. All the samples from the New Mexico locality were collected in the lower, sandstone-dominated portion of the section and are correlative with the Tidwell and Salt Wash Members of the lower Morrison Formation on the Colorado Plateau. Samples from the Wyoming site are derived from the mudstone-dominated upper part of the section and are correlative with the Brushy Basin Member of the upper Morrison Formation. The Morrison Formation thins considerably in its northern outcrop areas (e.g., Montana and South Dakota), and individual members become diffi cult to discern. Morrison Formation strata at the Montana locality have been correlated primarily with the Salt Wash Member, which locally underlies an erosionally truncated remnant of the Brushy Basin Member (Turner and Peterson, 1999; Myers and Storrs, 2007) . Assuming that the boundary between the Salt Wash and Brushy Basin Members is time-transgressive (Kjemperud et al., 2008) , the samples collected from the Montana locality should be younger than those from New Mexico and are probably roughly contemporary with the samples from Wyoming. Paleosol descriptions included observations of color, grain size, mottling, root abundance, ped structure, abundance and morphology of carbonate accumulations, and slickenside development. Paleosols were classifi ed using the taxonomic framework proposed by Mack et al. (1993) , and bulk matrix samples were collected from selected paleosol B horizons for elemental analysis. For determining profi le thicknesses, abrupt changes in color or grain size and high densities of root structures aligned in a single horizon were used to defi ne paleosol tops. Paleosol bases were defi ned as the lowest occurrence of unaltered parent material. The clay mineralogy of selected matrix samples was determined using X-ray diffraction (XRD) analysis. Samples were disaggregated in deionized water and centrifuged to isolate the <0.2 μm fraction. Oriented aggregates were prepared and transferred to glass slides, using three treatments for each sample: (1) potassium saturation, (2) magnesium saturation, and (3) magnesium saturation followed by glycerol solvation. After initial analyses were completed, the potassium-saturated samples were heated to 500 °C for at least two hours and reanalyzed. XRD analyses were conducted at the Roy M.
Huffi ngton Department of Earth Sciences at Southern Methodist University (SMU; Dallas, Texas) using a Rigaku Ultima III X-ray diffractometer with a step size of 0.05° over a spectrum of 2°-30° 2θ. The relative abundance of clay minerals in each sample was determined using the ratio of the background-subtracted intensities of the 001 peak for glycerol-solvated samples (17-20 Å for smectite, 9.9-10.1 Å for illite, 7.1-7.2 Å for kaolinite).
Selected matrix samples were prepared for X-ray fl uorescence (XRF) analysis by dry sieving to remove the >1.68 mm size fraction and powdering the remaining <1.68 mm fraction with a mortar and pestle. The processed samples were then fused with lithium metaborate and tetra borate fl ux and analyzed for major elemental composition with a Thermo-Fisher ARL PerformX wavelength-dispersive XRF spectrometer at the Roy M. Huffi ngton Department of Earth Sciences at SMU. Results are reported as oxide weight percents, which are normalized to their molecular weights. These data are used to calculate the chemical index of alteration minus potassium (CIA -K) (Nesbitt and Young, 1982; Maynard, 1992; Sheldon et al., 2002) and the calcium and magnesium weathering index (CALMAG) (Nordt and Driese, 2010) as proxies of MAP. Major element composition data were also used to determine Ti/Al ratios.
RESULTS

Paleosol Morphology
Approximately 14% of the stratigraphic thickness of the New Mexico section, 36% of the Wyoming section, and 41% of the Montana section is composed of pedogenically altered material. Forty-four paleosol profi les were identifi ed among the three stratigraphic sections and classifi ed using the paleosol orders and various subordinate modifi ers developed by Mack et al. (1993) . All paleosols were then divided into vertic and non-vertic categories, depending on whether or not they exhibited vertic (shrinkswell) features. Vertic structures observed in the study areas include wedge-shaped ped structure, slickensides, and clastic dikes. Large-scale features such as gilgai and mukkara subsurface structure (Paton, 1974) were not recorded.
Vertic paleosols compose a smaller portion of the total thickness of pedogenically modifi ed strata in the New Mexico section (29%) compared to the Wyoming (57%) and Montana (32%) sections (Table 1 ). The Montana section has a lower percentage of vertic paleosol profi les (29%) than either Wyoming (73%) or New Mexico (45%) ( Table 1) . At all three localities, paleosols are more common near the top of the stratigraphic sections. The New Mexico section has a concentration of paleosols between 25 and 50 m above the base of the section, with most of the remainder of the identifi ed profi les occurring above 95 m (Fig. 3) . The stratigraphic distribution of pedogenically modifi ed strata in the New Mexico section appears to be related to grain size, with paleosol profi les developing only in fi ner-grained units. In the Wyoming and Montana sections, most of the paleosols occur in the upper half of the sequences, at least 40 m and 15 m above base, respectively (Fig. 3) . Nonvertic paleosols are more common in the upper portion of the New Mexico section, but vertic paleosols are more abundant in the upper part of the Wyoming section. Clear stratigraphic trends in the occurrence of paleosol types are not evident in the Montana section.
Clay Mineralogy of Paleosol B Horizons
XRD analysis of 24 selected matrix samples collected from the Morrison Formation reveals clay mineral assemblages comprising various amounts of illite, smectite, and kaolinite. Most of the samples from the New Mexico locality are dominated by smectite, with an average abundance of 75% per sample (Fig. 4A ). Illite composes most of the remainder of the clay assemblages in the New Mexico samples, and kaolinite, where it is present at all, is less than 4%. In contrast, samples from the Wyoming and Montana localities are dominated by illite, with average abundances of 79% and 75%, respectively (Figs. 4B-4C). Kaolinite and smectite are relatively minor components, although kaolinite abundance averages 15% at both northern localities, notably higher than levels in the New Mexico samples.
Stratigraphic trends in clay mineral abundance at the three localities are subtle and lack clear evidence of abrupt changes. Smectite abundance is constant throughout the New Mexico section, with the exception of one illiterich sample at the base of the section (Fig. 4A) . Changes in kaolinite abundance in the New Mexico samples are negligible. In the Wyoming section, illite abundance increases upsection, with lessening amounts of both kaolinite and smectite (Fig. 4B ). The Montana section is characterized by constant illite abundance, with a gradual upsection increase in kaolinite coupled with decreasing amounts of smectite (Fig. 4C ).
Major-Element Chemistry of Paleosol B Horizons
Elemental data for the 21 samples from the Morrison Formation selected for XRF analysis are listed in Table 2 ; only oxides used for calcu- lation of the CIA -K and CALMAG indices are shown. Weight percent Al 2 O 3 varies between 10.0% and 18.0%. CaO and MgO range from 0.3% to 17.9% and 1.5% to 3.6%, respectively, and Na 2 O varies from 0.4% to 1.7%. The CALMAG proxy, developed specifi cally for use with Vertisols (Nordt and Driese, 2010) was applied only to samples from paleosol profi les with vertic features (Wilding and Tessier, 1988; Mack et al., 1993) . The CIA -K proxy was applied to all non-vertic paleosols that meet the eligibility criteria set forth by Sheldon et al. (2002) and Prochnow et al. (2006) . CIA -K values and associated MAP estimates for vertic paleosols are listed in Tables 2 and 3 , but these data are not discussed in the text. CIA -K values were calculated using the original function of Nesbitt and Young (1982) with K 2 O removed (Maynard, 1992) :
where Al 2 O 3 , CaO, and Na 2 O are molar proportions. Given that the CIA -K index was not designed for use on paleosols with near-surface carbonate accumulations (Sheldon et al., 2002) , previous studies have corrected CIA -K values by subtracting the amount of CaO derived from calcium carbonate from the total measured CaO (Myers et al., 2012b) . Application of this correction produces higher CIA -K values and higher MAP estimates for paleosols with a greater calcium carbonate content. Because the formation of pedogenic carbonate is associated with generally arid conditions (Birkeland, 1999; Royer, 1999) , carbonate-rich paleosols should not typically be associated with higher levels of precipitation. Therefore, the calcium carbonate correction used previously for the data from the Lourinhã Formation (Portugal; Myers et al., 2012b) is not applied to any of the data sets presented here, and the CIA -K proxy is used only for samples with bulk carbonate <5% wt% (sensu Prochnow et al., 2006 (Table 2) . Average CALMAG values from the New Mexico (n = 5, average CALMAG = 51) and Wyoming (n = 9, average CALMAG = 41) localities are less than the average value for Montana (n = 2, average CALMAG = 73). Elemental data have been presented elsewhere for paleosol matrix samples collected from the Upper Jurassic Lourinhã Formation in Portugal (Myers et al., 2012b) . These data are reproduced here with the addition of weight percent MgO values and calculations of CALMAG values for appropriate samples (Table 3) . CIA -K values, which are recalculated without the calcium carbonate correction, are lower on average than those originally reported by Myers et al. (2012b) . For non-vertic Lourinhã Formation paleosols (n = 10), CIA -K values range from 61 to 83, with a mean value of 70 (Table 3) . CALMAG values for vertic paleosols (n = 15) vary between 41 and 71, with a mean value of 61.
In addition to elemental data collected for the paleoprecipitation proxies, the Ti and Al composition of all Morrison Formation samples was analyzed to screen for changes in provenance of paleosol parent material. The molar Ti/Al ratios of the matrix samples from all three localities range from 0.05 to 0.07, with averages of 0.05 for New Mexico, 0.06 for Wyoming, and 0.07 for Montana (Fig. 5) . 
DISCUSSION
Vertic Features and Clay Mineralogy
Vertic features, created by shrink-and-swell processes resulting from cyclical wetting and drying, are typical of environments with pronounced seasonality of rainfall (Wilding and Tessier, 1988; Coulombe et al., 1996) . Comparing patterns in the occurrence of vertic features provides a rough indication of the relative prevalence of seasonal precipitation among the Morrison Formation localities. Although the thin stratigraphic section and small number of paleosol profi les at the Montana locality complicate comparisons, there are clear differences in the abundance and stratigraphic distribution of vertic features between the New Mexico and Wyoming localities. Compared to the New Mexico and Montana sections, the Wyoming locality has more vertic paleosols as a percent of the total number of profi les, and these vertic profi les compose a greater portion of the overall thickness of pedogenically modifi ed strata. This disparity in the occurrence of vertic features suggests that seasonal differences in precipitation were more pronounced in the vicinity of the Wyoming locality relative to the more northerly Montana site. The strength of rainfall seasonality during the earlier period represented by the New Mexico paleosols appears to have been intermediate relative to the two younger sites in Wyoming and Montana.
There is a distinct dichotomy between the smectite-dominated clay mineral assemblages at the older New Mexico locality, and the illitedominated assemblages with higher amounts of kaolinite at the younger Wyoming and Montana sites. Pedogenic smectite forms in soil environments characterized by poor drainage and high pH (Borchardt, 1989) , which are associated with seasonal, xeric climates (Sheldon and Tabor, 2009 ). In contrast, pedogenic kaolinite forms in well-drained, low-pH soils (Dixon, 1989) typically found in warm, humid climates (Sheldon and Tabor, 2009) . If the clay mineral abundances in the Morrison Formation refl ect climate conditions during soil formation, then the high abundance of smectite at the New Mexico locality suggests lower rainfall relative to the two northern localities, which also possess a higher abundance of kaolinite. The compositions of the clay mineral assemblages at the Wyoming and Montana localities are not appreciably different from each other.
Paleoprecipitation Estimates for the Morrison Formation
Estimates of MAP, which are rounded to the nearest 100 mm yr -1 in the text, were determined using both the CIA -K and CALMAG proxies. When applied to the same data sets, CIA -K produces higher MAP estimates than CALMAG in wetter environments (CALMAG MAP >500 mm yr -1 ) and lower estimates than CALMAG in arid environments (Nordt and Driese, 2010) . Comparison of the two proxies suggests that CALMAG provides more accurate MAP estimates for Vertisols (Adams et al., 2011) . Therefore, CIA -K derived MAP estimates for both vertic and non-vertic paleosols are reported in Tables 2 and 3, but . (3) CIA -K values from non-vertic paleosols yield MAP estimates between 800 and 1100 mm yr -1 , with a mean of 1000 mm yr -1 ( Fig. 6A ; Table  2 ). The average CIA -K MAP estimate based on non-vertic paleosols from the New Mexico locality (800 mm yr -1 ) is lower than that for the Montana locality (1000 mm yr -1 ) ( Table 4) . As noted previously, no non-vertic paleosols suitable for application of the CIA -K proxy are present at the Wyoming locality. The average MAP estimate for non-vertic Lourinhã Forma- tion paleosols, based on CIA -K values, is 900 mm yr -1 ( Fig. 6A ; Table 3 ). MAP estimates were also calculated using the relationship between CALMAG and MAP reported by Nordt and Driese (2010) Fig. 6B ; Table 4 ).
Humidity Regimes within the Morrison Formation
Application of geochemical transfer functions used to estimate evapotranspiration and energy infl ux from precipitation allows determination of the humidity regime for each of the three sampling localities. Major-element concentrations yield chemical index of alteration (CIA) values that are applied to the 17-20 °C transfer function to estimate the energy derived from net primary productivity (E NPP ; Gulbranson et al., 2011) . This temperature range is appropriate given the high surface temperature estimates (average 31 °C) reported for the contemporary Lourinhã Formation in Portugal (Myers et al., 2012b ). The energy derived from precipitation (E PPT in kJ m -2 yr -1 ) was calculated using E NPP and appropriate values for the energy from precipitation (%E PPT ), based on paleosol morphological classifi cation and derived from Gulbranson et al. (2011, their (Gulbranson et al., 2011) and MAP estimates derived from CALMAG values for vertic paleosols and CIA -K values for nonvertic paleosols. Plotting E PPT versus ET illustrates the humidity regimes inferred from the samples at each of the three Morrison Formation localities and the Lourinhã Formation in Portugal (Fig. 7) .
Comparison with Other Paleoclimate Data from the Morrison Formation
Modeled MAP for the Late Jurassic of western North America ranges from less than 200 mm yr -1 to ~1500 mm yr -1 (Sellwood and Valdes, 2008; Sellwood et al., 2000) . Recent GCM simulations reconstruct a Late Jurassic geographic precipitation gradient in North America, moving from arid lower latitudes to wetter northern areas Valdes, 2006, 2008) , although this pattern is not evident in some earlier model results (Rees et al., 2000; Sellwood et al., 2000) . In combination with modeled estimates of surface temperatures, these GCM results correspond to modern climate zones ranging from subtropical arid (desert) conditions in the south to warm temperate (winter-wet/humid) conditions in the north (Rees et al., 2000; Valdes, 2006, 2008) . The latitudinal precipitation gradient predicted by GCMs is supported by observations of paleosol macromorphology (Demko et al., 2004) and plant remains (Parrish et al., 2004) within the Morrison depositional basin, which also suggest that Morrison environments became progressively wetter through time.
The chemically based MAP estimates presented here are consistent with paleoprecipitation levels inferred from GCMs and overall interpretation of western North America as semiarid to subhumid during the Late Jurassic. Given that the CIA -K MAP relationship is associated with an uncertainty of ±182 mm yr -1 , the differences between average MAP estimates for the New Mexico and Montana localities are not statistically distinguishable. For the CALMAG proxy, which has an uncertainty of ±108 mm yr -1 , the MAP differences among all three sites are signifi cant. The fact that both proxies are consistent in terms of the MAP patterns among the sites suggests that the apparent differences among the sampling localities refl ect real temporal and geographic trends. Low MAP estimates for the older New Mexico locality reinforce interpretations of early Morrison environments as relatively arid. Lower MAP estimates and greater abundance of vertic features at the Wyoming site relative to Montana indicate that in some northern parts of the Morrison depositional basin aridity and seasonality persisted, or perhaps even intensifi ed, through time. This suggests a more complicated history of climatic change during deposition of the Morrison Formation, rather than a simple unidirectional trend from drier to wetter environments. Evidence of a gradual shift from dry environments in the southern part of the Morrison basin 31°68  836  51  711  Wyoming  39°--41  491  Montana  40°77  1015  73  1220  Lourinhã  34°70  895  61 945 Note: MAP-mean annual precipitation; NV-non-vertic; CIA -K-chemical index of alteration minus potassium; CALMAG-calcium and magnesium weathering index. Paleolatitudes determined using Point Tracker software (Scotese, 2002) .
to wetter northern environments is also lacking. Instead, there is an abrupt transition from relatively low MAP estimates at the Wyoming locality to much higher MAP estimates at the contemporary Montana site further north. The observed abundance of vertic features suggests rainfall seasonality was less pronounced at the Montana locality, possibly due to closer proximity to the withdrawing epicontinental sea, which would have increased moisture availability and dampened seasonality in adjacent terrestrial environments (Hasiotis, 2004) . In contrast, the Wyoming locality, located deeper in the interior, appears to have experienced drier and more seasonal continental conditions.
Application of the technique of Gulbranson et al. (2011) for determining humidity regimes largely confi rms the climate interpretations drawn from MAP estimates alone. Estimated ET and E PPT values indicate that the majority of the Wyoming samples correspond to the humid to perhumid moisture regime, whereas the Montana and New Mexico samples plot within the wetter perhumid to superhumid regime. These results suggest generally wetter conditions than might be inferred from MAP estimates, but the relative differences in moisture availability among the sites remain the same.
Shifts in lacustrine and palustrine environments of the Morrison Formation in the Bighorn Basin of southern Wyoming have recently been attributed to changing sedimentation factors related to regional volcanism rather than climate (Jennings et al., 2011) . Early studies of the clay mineralogy of the Morrison Formation suggested that an abrupt transition from illite-dominated to smectite-dominated clay assemblages defi ned a synchronous boundary between the upper and lower Morrison Formation throughout much of its depositional basin (Owen et al., 1989; Turner and Fishman, 1991; Turner and Peterson, 1999) . This clay change was interpreted as the manifestation of increasing input of volcanic ash during later Morrison deposition, which was subsequently altered to smectite (Owen et al., 1989; Turner and Peterson, 2004) . More recent studies have failed to corroborate the presence of a synchronous clay change and instead indicate that stratigraphic and geographic trends in clay mineralogy in the Morrison Formation are highly variable (Jennings and Hasiotis, 2006; Trujillo, 2006) . However, it is still important to address the possibility that differences in major-element chemistry between the Morrison localities presented here are related to changes in the provenance of parent material instead of differences in precipitation. Despite the different MAP estimates for the Wyoming and Montana localities, the composition of their clay mineral assemblages is virtually identical. The Ti/Al ratios, which are a robust indicator of changes in the provenance of paleosol parent material (Sheldon and Tabor, 2009) , are indistinguishable among the three localities (Fig. 5) and fall within the range of values expected for paleosols derived from sedi mentary rather than volcanic parent material (Sheldon and Tabor, 2009) . Therefore, the differences in elemental chemistry, inferred here as evidence of differing climate conditions, are not attributable to changes in sedimentary sourcing.
MAP Estimates in Context of Atmospheric Circulation
The Pangean megamonsoon, which reached its greatest intensity in the Triassic, had largely given way to zonal atmospheric circulation by the Late Jurassic (Parrish, 1993) . Wind directions measured from eolian sandstones indicate a Middle Jurassic transition from monsoonal to zonal circulation in North America with Late Jurassic development of the westerly wind patterns found in modern mid-latitudes (Parrish and Peterson, 1988; Peterson, 1988) . The Morrison depositional basin was bounded to the south by the Mogollon slope and to the west by the Elko highlands (Peterson, 1994) , which may have produced a rain-shadow effect along the western margin of the basin (Parrish et al., 2004) . The relatively minor tectonic uplifts that were active within the basin during the Late Jurassic (Peterson, 1994; Turner and Peterson, 2004) would have been unlikely to inhibit movement of air masses. In the absence of major intra-basin topographical barriers, regional circulation patterns should have controlled the distribution of precipitation within the Morrison Formation, with southern areas at ~30°N paleolatitude experiencing drier conditions relative to northern areas near 40°N paleolatitude. In this context, the low MAP estimates from the Wyoming site are difficult to reconcile with its relatively high paleolatitude of 39°N. Indeed, rather than refl ecting the gradual latitudinal transition from drier to wetter environments expected in the context of modern zonal circulation patterns, the MAP estimates presented here reveal abrupt transitions between environments, demonstrated by the juxtaposition of low MAP estimates from the Wyoming locality and notably higher estimates from the contemporary site nearby in Montana. These results substantiate the interpretation of the Morrison Formation as a complex mosaic of different environments developing under different local climatic conditions (e.g., Turner and Peterson, 2004) , and suggest that the transition from monsoonal to zonal atmospheric circulation may be more complex than previously thought.
Comparison with Other Upper Jurassic Localities
Upper Jurassic strata of the Lourinhã Formation in western Portugal preserve a rich terrestrial vertebrate fauna similar to that of the Morrison Formation (Mateus, 1996) . Tithonian deposition of the Lourinhã Formation was contemporaneous with development of younger portions of the Morrison Formation (Taylor et al., in press) , and both formations were deposited at similar paleolatitudes (Smith et al., 1994) . Whereas the Morrison Formation occupied a large portion of the Western Interior of North America, stretching from ~30°N to 40°N paleolatitude, the Lourinhã Formation was much more restricted in its geographic extent (Mateus, 2006) . Deposited on the isolated Iberian landmass in close proximity to an embayment of the incipient North Atlantic (Pena dos Reis et al., 2000) , parts of the Lourinhã Formation show evidence of marine infl uence (Fürsich, 1981) . Given its proximity to the ocean, the Lourinhã Formation likely developed in a relatively humid maritime climate, in contrast to the more arid continental conditions that dominated much of the North American interior where the Morrison Formation was deposited.
Paleoclimate studies of the Lourinhã Formation initially inferred seasonal, semiarid conditions from a combination of paleoclimate modeling (Martinius and Gowland, 2011) and sedimentological evidence (Hill, 1989) . However, more recent study of paleosol macromorphology and geochemistry suggests that the Lourinhã Formation was deposited under warm, subhumid conditions, with a strongly seasonal distribution of rainfall (Myers et al., 2012b) . When the proxy uncertainties are taken into consideration, the average CIA -K MAP estimates for non-vertic paleosols from the Morrison and Lourinhã Formations are indistinguishable; however, the average CALMAG MAP for Portugal is signifi cantly greater than that for the Morrison Formation. When the CALMAG MAP for Portugal is compared to the averages for each of the individual Morrison localities, it falls between values for the New Mexico and Montana sites. When E PPT and ET values are plotted for the Lourinhã Formation, they fall into two distinct populations that correspond to different sampling areas (Fig. 7) . Most samples from the northern Lourinhã sampling area fall within the perhumid to superhumid humidity regime, whereas samples from the southern sampling area plot in the drier humid to perhumid regime. Both the Morrison and Lourinhã Formations contain paleosols with indicators of seasonal precipitation and moisture defi cit (Demko et al., 2004; Myers et al., 2012b) , and the geochemical MAP estimates presented here suggest that Late Jurassic environments in Portugal had similar levels of annual rainfall to the wetter environments of the Morrison Formation (Fig. 8) . Inferred humidity regimes suggest that, like the Morrison Formation, the Lourinhã Formation was characterized by a range of climate conditions, with some environments experiencing more arid conditions. Another Upper Jurassic unit suitable for comparison with the Morrison Formation is the Kimmeridgian Vega Formation, which crops out in the coastal Asturias region of northern Spain. Although it lacks a prolifi c body-fossil record, abundant trace fossils reveal that the Asturias area supported a diverse terrestrial fauna in the Late Jurassic, including dinosaurs, pterosaurs, lizards, and turtles (Lockley et al., 2008; Mateus and Milán, 2010) . Recent work by Gutierrez and Sheldon (2012) reconstructed a cool, semihumid to semiarid climate with MAP ranging from ~400 to 900 mm yr -1 , based on calculations using CIA -K and depth to Bk horizon. Of the 20 paleosol profi les described by Gutierrez and Sheldon, only three (15%) contained vertic features, although Vega paleoenvironments are still interpreted as highly seasonal (Gutierrez and Sheldon, 2012 
CONCLUSIONS
The average MAP estimates presented here indicate that Late Jurassic environments of western North America were semiarid to sub humid with a seasonal pattern of precipitation and average MAP estimates of 1000 mm yr -1 (nonvertic CIA -K) and 700 mm yr -1 (CALMAG). These MAP estimates are consistent with the range of precipitation levels reconstructed for this region using GCM simulations of the Late Jurassic. Inferred humidity regimes suggest wetter environmental conditions than the MAP estimates, but nonetheless support the relative climatic differences among the study localities. As suggested by previous paleoclimate studies, earlier environments in the Morrison Formation were relatively arid, but the data presented here indicate that aridity persisted in some later environments, even at higher paleolatitudes (near 40°N). Climatic transitions within the Morrison depositional basin were abrupt, with those environments closer to the retreating epicontinental sea in the north experiencing greater rainfall and less-pronounced seasonality. Despite the breakdown of the Pangean megamonsoon in the Middle Jurassic, the geographic distribution of precipitation inferred here for the Morrison Formation does not match modern precipitation patterns that are controlled by zonal atmospheric circulation. This suggests that the transition from monsoonal to zonal circulation patterns may have been more prolonged than indicated by earlier studies.
During the Late Jurassic, western North America and Iberia were characterized by generally similar climatic conditions. Geochemical MAP estimates for the Lourinhã Formation in Portugal indicate average MAP levels similar to wetter northern areas of the Morrison Formation that developed in proximity to the retreating epicontinental sea. Inferred humidity regimes suggest variable moisture availability within the Lourinhã Formation, with some environments experiencing more-arid conditions. MAP estimates from the Vega Formation of northern Spain are closer to those of arid continental interior environments of the Morrison Formation. Abundant vertic features imply seasonal rainfall patterns in all studied North American and Iberian localities. Interpretation of Lourinhã Formation environments as wetter relative to those of the Morrison Formation is consistent with fi ndings that Lourinhã environments were characterized by higher primary productivity and higher faunal richness relative to Morrison environments (Myers et al., 2012a) . The results presented here also reinforce the fact that regions with broadly similar climates like Late Jurassic western North America and Iberia are not climatically uniform and may exhibit internal differences in precipitation patterns, even over relatively short distances. Consequently, future studies of terrestrial paleoclimate should avoid using rainfall estimates from a geographically restricted sample to infer paleoprecipitation levels for large areas, given that substantial and abrupt regional variation may exist.
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